Potassium ions decrease the transport rate of ammonium ions into myeloma and hybridoma cells, one effect of the involved transport processes being an increased energy demand (Martinelle and Häggström, 1993; Martinelle et al., 1998b) . Therefore, the effects of K + and NH + 4 on the energy metabolism of the murine myeloma cell line, Sp2/0-Ag14, were investigated. Addition of NH 4 Cl (10 mM) increased the metabolism via the alanine transaminase (alaTA) pathway, without increasing the consumption of glutamine. As judged by the alanine production, the energy formation from glutamine increased by 155%. The presence of elevated concentrations of KCl (10 mM) was positive, resulting in a decreased uptake of glutamine (45%), and an even larger suppression of ammonium ion formation (70%), while the same throughput via the alaTA pathway (and energy production from glutamine) was retained as in the control culture. However, the simultaneous presence of 10 mM K + and 10 mM NH + 4 was more inhibitory than NH 4 Cl alone; an effect that could not be ascribed to increased osmolarity. Although the culture with both K + and NH + 4 consumed 60% more glutamine than the culture with NH + 4 alone, the energy generation from glutamine could not be increased further, due to the suppression of the glutamate dehydrogenase pathway. Furthermore, the data highlighted the importance of evaluating the metabolism via different energy yielding pathways, rather than solely considering the glutamine consumption for estimating energy formation from glutamine.
Introduction
We have previously shown that ammonium ions and ammonia are cycled across the cellular membranes of myeloma and hybridoma cells, and postulated that these transport processes increased the cellular demand for maintenance energy (Martinelle and Häg-gström, 1993; Martinelle et al., 1996; Martinelle et al., 1998b) . In brief, the increased energy demand arises from the need to restore the intracellular pH, since the inward transport of ammonium ions and the outward diffusion of ammonia causes cytoplasmic acidification. The Na + K + 2Cl − -cotransporter was identified as responsible for inward transport of ammonium ions in both hybridoma and myeloma cells, and the Na + /H + -exchanger was shown to be active during ammonium ion exposure (Martinelle et al., 1996; Martinelle et al., 1998b) . Sodium ions that enter the cell via these ion pumps are transported out again via the Na + /K + -ATPase at the expense of ATP. Hence, the effects of the ammonium/ammonia cycle costs energy. Furthermore, Westlund and Häggström (1998) showed recently that inward transport of ammonium ions by the Na + K + 2Cl − -cotransporter induced apoptosis in hybridoma cells. Other effects of ammonia and ammonium ions have recently been reviewed (Martinelle, 1997; Schneider et al., 1996) .
It was also observed that potassium ions decreased the inward ammonium ion transport (Martinelle and Häggström, 1993; Martinelle et al., 1998b) . The reason for this effect is that ammonium and potassium ions compete for the same site on the transport protein. The experiments presented in the present paper were designed to evaluate the effects of NH 4 Cl on the Figure 1 . An overview of the most important pathways in the glucose and glutamine catabolism of myeloma cells. Numbers adjacent to the reactions are enzymes: 0) glutamine transport system(s) 1) glutaminase, 2) glutamate dehydrogenase, 3) alanine transaminase, 4) aspartate transaminase, 5) malate dehydrogenase, 6) malic enzyme 7) phosphoenolpyruvate carboxykinase.
energy metabolism and the effect of K + in bioreactor cultures with elevated ammonium ion concentrations. The myeloma cell line was chosen for this study, because the passive diffusion of ammonium ions across the cell membrane (which is not inhibited by potassium ions) was very much lower than in hybridoma cells (Martinelle et al., 1998b ). The differences between added and endogenously produced ammonium ions were discussed in a previous publication (Martinelle and Häggström, 1993) . Figure 1 illustrates the most important pathways in the catabolism of glucose and glutamine. Glutamine is deamidated by glutaminase (GLNase) to yield glutamate, which is either oxidatively deaminated by glutamate dehydrogenase (GDH), or transaminated with pyruvate by alanine transaminase (alaTA). As evident from this paper and earlier work with this cell line, the alaTA route dominates during normal cultivation conditions (Ljunggren and Häggström, 1992; Martinelle et al., 1998a; Vriezen et al., 1997) . This pathway yields a theoretical maximum of 9 ATP/glutamine (Glacken, 1988; Häggström, 1991) . When glutamine is metabolised via GDH, and completely oxidised in the tricarboxylic acid cycle (TCA) the maximum theoretical energy yield is 27 ATP/glutamine. Evidence from 1 H/ 15 N NMR show that the GDH pathway is up-regulated in glucose-starved myeloma (and hybridoma) cells (Martinelle et al., 1998a) .
The results presented in this paper show that, in the presence of 10 mM NH 4 Cl, the cellular energy demand is increased, as judged by the increased metabolism via the alaTA pathway during conditions of glucose excess. Unexpected positive effects of addition of 10 mM KCl to the culture was observed, although the combination of high ammonium and potassium ion concentrations was more inhibitory than ammonium alone.
Materials and methods

Cell line and medium
The murine myeloma cell line Sp2/0-Ag14 (Shulman et al., 1978) was routinely cultivated in 75 cm 2 t-flasks in EMEM with 5% FBS (HyClone), 4 mM glutamine, 5.5 mM glucose, 1 mM sodium pyruvate, 8.9 mM sodium bicarbonate and 20 mM HEPES. All medium components except for the serum were purchased from NordCell and Junter, Sweden. The medium pH was set to 7.1-7.2 with 5 M NaOH. No antibiotics were used. This medium was used for cell maintenance, inoculum preparation and bioreactor experiments. The t-flasks were inoculated with 1.5-2 × 10 5 cells ml −1 in 30 ml medium and incubated at 37 • C. After 48 h the spent medium was poured out, and fresh medium added, and the cells were cultivated another 12 h before harvest. Periodic samples for mycoplasma test were analysed according to Del Giudice and Hopps (1978) by the National Veterinary Institute, Uppsala, Sweden. All samples were negative for mycoplasma.
Bioreactor experiments
The inoculum was prepared in 1 l baffled shake flasks (of glass) with 200 ml of medium. The flasks were inoculated with 1.5-2 × 10 5 cells ml −1 , sealed with rubber stoppers and incubated on a rotary shaker for 48 h (75 rpm, 37 • C). pH was checked and adjusted once or twice during this period. For experiments, a 3 l bioreactor (Belach Bioteknik AB, Sweden) with 2 l working volume was inoculated with 1.5-2 × 10 5 cells ml −1 and run batchwise at 37 • C and 60 rpm (marine impeller). Aeration was provided with a mixture of air (200 ml min −1 ) and CO 2 (2.5 ml min −1 ) in the headspace. The dissolved oxygen tension (DOT), monitored by a polarographic oxygen electrode (Ingold), was allowed to decrease from 100% till 25%, and was thereafter controlled at 25 ±5% with sparged air. pH was controlled at 7.15-7.25 with 15 mM KOH/0.15 M NaOH and 0.15 M HCl. Where indicated, NH 4 Cl and/or KCl was added before inoculation. All chemicals were of p.a. grade.
Sampling and analysis
Samples were centrifuged, filtered through a 0.8 µm cellulose acetate filter and frozen (-20 • C) for later analysis. Viable and dead cells were counted on a haemocytometer using the trypan blue exclusion technique. The bioreactor pH electrode (Ingold) was checked against an external pH electrode (Radiometer) for every sample.
Samples for glucose and lactate analysis were deproteinised (80 • C, 15 min) and centrifuged immediately before analysis. The glucose analysis were performed with hexokinase and glucose-6-phosphate dehydrogenase, and the lactate analysis with L-lactate dehydrogenase and glutamate-pyruvate transaminase, according to the protocols of Boehringer-Mannheim. All chemicals were purchased from BoehringerMannheim, Sweden. Glutamine and glutamate were analysed enzymatically with glutaminase (Sigma) and glutamate dehydrogenase (Boehringer-Mannheim) according to Lund (1985) (the hydrazine was exchanged for 0.03% H 2 O 2 ). Amino acid analysis was also performed with HPLC, using a reverse-phase column and the Pico-Tag system (Waters). Samples were derivatised with phenylisothiocyanate, and norleucine was used as an internal standard. The method was described by Bidlingmeyer et al. (1985) . The sum of ammonium ions and ammonia (NH x ) in the samples was measured by increasing the sample pH to >12, thus shifting all ammonium to ammonia, and analysing the ammonia concentration with an ammonia electrode (model 8002-8, Kent Industrial Measurements, UK).
Data analysis
Analytical errors
Standard deviations for HPLC analysis (alanine, cystine) and enzymatic analysis of glutamine, glutamate and lactate were less than 10%. The standard deviation for enzymatic analysis of glucose was less than 6%. Finally, the standard deviation for analysis of ammonium and ammonia, with an ammonia electrode, was less than 7%.
Spontaneous decomposition of glutamine
Glutamine in the culture medium decomposes spontaneously (first order kinetics) into ammonium ions and pyrrolidone carboxylic acid (Bray et al., 1949; Tritsch and Moore, 1962) . The rate constant for our medium (described above) was 0.00042 h −1 at 37 • C and pH 7.2 (Martinelle et al., 1998a) , which is low compared to rate constants reported by others (Martinelle, 1997) . Thus, the impact of spontaneous glutamine decomposition on the measured glutamine consumption was found to be negligible, and was not included in the calculations.
Equations
The quotients presented in Table 1 were calculated for the time period when glucose was present in the medium. Cells, substrate and metabolite amounts that were removed from the reactor during sampling, as well as volume changes due to pH regulation and sampling were included in the calculations according to:
S and P (the changes in moles of consumed substrate and produced metabolite, respectively), and N (the change in total number of cells) were used to calculalate the quotients in Table 1 . S (M), P (M) and N (cells l −1 ), indicate the concentrations of substrate, product and cells, respectively. The subscript 0, denotes the value at the time for inoculation, and n the value at the end of the calculation period. Subscript The specific growth rate, µ (h −1 ), was calculated according to:
where N and N v are the concentrations of total and viable cells (cells l −1 ), respectively, and F the flow of acid or base into the reactor (l h −1 ). Equation (4) is derived from combining Equations (5-7). In the material balances for viable (Equation 5 ) and dead cells (Equation (6)), k d stands for the specific death rate (h −1 ), and in Equation (7), N d is the concentration of dead cells (cells l −1 ).
Results
The effects of ammonium and potassium ions on the cellular metabolism were investigated by addition of NH 4 Cl and KCl to myeloma cell cultures. First, the effect of increased osmolarity was investigated by Figure 2 . Effect of NaCl on cell growth in shake flasks. The medium and the cultivation conditions were the same as described in the Materials and Methods section. Culture pH was controlled at 7.1-7.2.
addition of NaCl, to facilitate interpretation of subsequent observations. These results are presented in Figure 2 . It was clear that the increased osmolarity resulting from addition of as much as 20 mM of salt was not itself growth inhibiting. In fact, addition of 15 and 20 mM Na + increased the number of cells produced in a batch culture.
Addition of NH 4 Cl
Five mM NH 4 Cl had no effect on the maximum specific growth rate (µ max ) as compared to the control culture, but addition of 10 mM NH 4 Cl decreased µ max by 21% as illustrated in Figure 3a and b. At both 5 and 10 mM NH 4 Cl a slight reduction of the amount cells formed in a batch culture was observed (not shown). Furthermore, only minor changes in the Table 1. glucose and glutamine consumption as well as the lactate to glucose ratio occurred in the presence of NH 4 Cl (Table 1) . However, the NH x production was decreased by 39 and 31% at 5 and 10 mM NH 4 Cl, respectively (Table 1) , and the alanine production increased significantly at 10 mM NH 4 Cl (155%). (No data are available for alanine production at 5 mM NH 4 Cl.)
Addition of KCl
Addition of 10 mM KCl resulted in the same specific growth rate (Figure 3b ) and cell production (not shown) as in the control culture. The consumption of glucose and the ratio of lactate to glucose was not significantly affected (Table 1 ). In contrast, the uptake of glutamine was decreased by 45% and the production of NH x by 70%, as compared to the control, while the alanine production did not change (Table 1) . Interestingly, in the presence of 10 mM KCl, the uptake of cystine was decreased by 28% as compared to the control.
Addition of NH 4 Cl and KCl
When 10 mM NH 4 Cl and 10 mM KCl (culture D2) were present in the culture simultaneously, µ max was 43% lower than in the control culture (Figure 3b) , and cell production only 70% of the control culture. On the other hand, the presence of 5 mM NH 4 Cl and 10 mM KCl (culture D1) did not affect cell production much and rather increased the growth rate (17%, Figure 3a) . For both conditions D1 and D2 the glucose consumption increased significantly (17 and 66%, respectively), while the lactate to glucose ratio was similar to the control (Table 1 ).
In the presence of 5 mM NH 4 Cl and 10 mM KCl the uptake of glutamine was still decreased (to the same level as with KCl only), while in the presence of 10 mM NH 4 Cl and 10 mM KCl, the glutamine uptake was significantly increased (52%). In both cases, NH x formation was reduced as compared to the control culture (24 and 10%, respectively, Table 1 ).
Effects of NH 4 Cl and KCl on the energy metabolism
The data presented above can be used to evaluate the energy generation from glutamine (and glucose) in the different cultures. Our recent studies on the metabolism via GLNase, GDH and alaTA by 1 H/ 15 N NMR analysis of 15 N-labelled ammonium and alanine formed from 15 N-labelled glutamine, provide a basis for interpretation of the present results (Martinelle et al., 1998a) . We found that the flux via GDH was very low in myeloma cultures with glucose excess, and also that the flux via GLNase was restricted under the same conditions. Therefore, we assume that also in the present cultures, which are supplied with an excess of glucose initially (5.5 mM), the throughput via GDH is very low in the control culture and presumably zero in the cultures with added NH 4 Cl (as discussed later) (Figure 4) . The main energy generating pathway in glutaminolysis is then the alaTA pathway, with a minor contribution from transamination to aspartate and asparagine. Practically all ammonium that is liberated by the cells grown under these conditions stems from the GLNase reaction. Table 1 and calculated as µmole (10 6 cells) −1 . The glutamine uptake is equivalent to the glutamine consumption. The throughput via GLNase is assumed to be equivalent to ammonium formation except for in culture A, where there may be a small throughput via GDH (numbers in parenthesis indicate the throughput found at an initial glucose concentration of 2.5 mM (Martinelle et al., 1998a) ). The throughput via alaTA is calculated from the alanine formation. See text for further details. Abbreviations: alaTA = alanine transaminase, GDH = glutamate dehydrogenase, and GLNase = glutaminase.
As illustrated in Figure 4 , there was no stringent relation between the uptake of glutamine and the metabolism via GLNase. Even though this metabolism was significantly reduced in culture C, where the glutamine consumption was almost halved, it was not increased in culture D2 where the glutamine uptake was increased. Further, alanine formation by the TA pathway was also not directly linked to the metabolism via GLNase. In the control culture (A) and culture C this throughput was the same (0.49 and 0.45 µmole (10 6 cells) −1 , respectively) although the metabolism via GLNase in culture C was only one third of that in the control. The throughput via alaTA was increased to 1.25-1.28 µmole (10 6 cells) −1 in both B2 and D2 although the metabolism via GLNase was much higher in D2 than in B2. Obviously, other factors than the uptake (rate) of glutamine and the metabolism via GLNase determine the throughput via the TA pathway to alanine in the myeloma cells. Thus, the cells exposed to NH 4 Cl (B2) and to NH 4 Cl and KCl (D2) derived more energy from glutamine by increasing the metabolism via the TA pathway. The energy yield from glucose appeared to be of the same order of magnitude in all cultures except for D2 where the glucose uptake was increased by 66% (Table 1) -another indication of an increased energy demand.
Discussion
NH 4 Cl
Addition of 10 mM NH 4 Cl to a batch culture of murine myeloma cells increased the cellular need for energy, as verified by an increased metabolism via the alaTA pathway (Figures 1 and 4, Table 1 ). This result was postulated earlier by us (Martinelle and Häggström, 1993; Martinelle et al., 1998b) , and also suggested by Newland et al. (1994) . In fact, the cells cultivated with 10 mM NH 4 Cl (B2) gained more energy from the same amount of glutamine, than the control culture did (Figure 4 and Table 1 ).
KCl
The most positive result of adding KCl to the myeloma cultures was the significant decrease in production of ammonium, which likely was a result of a decreased uptake of glutamine (Table 1) . Decreased uptake of amino acids at increased potassium ion concentrations has also been observed in other cell lines (Appel et al., 1969; Szatkowski et al., 1991) ; the uptake of alanine in CHO cells was inhibited by 60% at 20 mM potassium ions (Arriza et al., 1993) . Alanine is transported into the animal cell by System A, a sodium ion and membrane potential dependent amino acid transport system. The role of elevated extracellular concentrations of potassium ions in this context is likely to decrease the membrane potential (Harold, 1986) . This explanation may apply equally well to the decreased uptake of glutamine, that also is transported into the cell by System A.
In our laboratory, every culture with added KCl (or with KOH, to control culture pH) grew as well as the control, sometimes even better (not shown). One explanation to this may be that elevated extracellular K + concentrations increase the intracellular pH, as was the case in skeletal muscle cells of rat and dog (Adler and Fraley, 1977) and in human lung cells (HLA) (Fukuda et al., 1993 ). An increased intracellular pH is considered as a proliferative signal, and may be interpreted as a positive effect of potassium ions. Another effect of added KCl in our cultures was the decrease in uptake of cystine. A reduced cystine consumption may also be beneficial as cystine is involved in an oxidation-reduction cycle across the plasma membrane of mammalian cells. Suggested negative effects of the cystine/cysteine cycle were depletion of cellular glutathione and NADPH (Bannai, 1986) , formation of H 2 S (Devlin, 1986) , and creation of too a reducing intracellular milieu. Positive effects of a decreased cystine consumption was also observed in Sf9 insect cells (Doverskog and Häggström, 1997) . In contrast, it has been argued that a constant level of intracellular cysteine is necessary for the cellular defence against oxidative stress (Bannai and Ishii, 1988) .
NH 4 Cl and KCl
An interesting question was then if potassium ions also could counteract negative effects of ammonium ions by inhibiting the active transport of ammonium ions into the cell. Although there are no obvious detrimental effects of 5 mM NH 4 Cl (Figure 3) , the presence of 10 mM KCl in addition, may have some positive effects, as the uptake of glutamine was still decreased ( Table 1 ). The bioreactor culture grew well at a total concentration of NH x increasing from 5.4 to 8.3 mM. However, if the observed effects are related to the transport of ammonium ions by the Na + K + 2Cl − -cotransporter is not easily answered. The negative effects of the simultaneous addition of 10 mM each of ammonium and potassium ions, remain to be explained but was certainly not a result of increased osmolarity as shown in Figure 2 .
Metabolism via GLNase, GDH, and the alaTA pathways
The uptake of glutamine, the metabolism via GLNase, GDH, and the alaTA pathways are key reactions in the energy metabolism of glutamine. Estimation of the throughputs via these pathways is complicated by drainage to other biosynthetic pathways, such as synthesis of nucleotides, amino acids and lipids. For several reasons, we have not included these fluxes in our presentation. Nevertheless, the data presented in Table 1 and Figure 4 can be used to compare the energy metabolism during various cultivation conditions. In these experiments (A-D2) the initial concentration of glucose and glutamine was the same in all batch cultures. In spite of this, significant variations in the metabolism via the mentioned reactions were observed. For example, the consumption of glutamine ranged from 1.27 in culture C to 2.16-2.29 in A and B2, and to 3.48 µmole (10 6 cells) −1 in D2 (Figure 4) . The decreased glutamine uptake in C can be attributed to the specific effects of potassium ions (see above), but the increased uptake in D2 is difficult to understand, especially as the metabolism via GLNase is not increased in parallel (Figure 4 ).
The data presented in Table 1 and in Figure 4 further indicate that the metabolism via GLNase is restricted, as judged by the production of ammonium that does not exceed 1.68 µmole (10 6 cells) −1 in any case. The reproducibility of this observation is remarkable; exactly the same data on glutamine consumption and NH x production (and alanine production) was obtained in similar cultures performed at several years interval. Our recent results from analysis of labelled substrates and metabolites confirm that the throughput via GLNase does not exceed a certain level in the presence of excess glucose (Martinelle et al., 1998a) . Only when glucose was exhausted, the metabolism via GLNase increased further (2.7-fold). The lowered metabolism via GLNase in the presence of KCl may be a consequence of the decreased uptake of glutamine, but other mechanisms, presently not known, could also play a role.
The regulation of GDH and the resulting throughput via this pathway has been discussed previously (Martinelle et al., 1998a) . Myeloma and hybridoma cells cultivated in medium with glucose excess (5.5 mM initially) displayed rather low throughputs via GDH, and appeared unable to up-regulate the GDH activity in the presence of excess glucose. The presence of elevated levels of ammonium ions further suppress this pathway. Decreased NH x formation and increased alanine production, as observed in our cultures with NH 4 Cl addition (Table 1) , have also been reported in the literature previously (Hansen and Emborg, 1994; McQueen and Bailey, 1990; Miller et al., 1988; Ozturk et al., 1992) . This is due to a thermodynamic shift in the equilibrium of the GDH reaction towards glutamate, caused by elevated levels of NH + 4 (Figure 1) . Thus, elevated levels of ammonium in combination with excess glucose probably inhibit this pathway completely. Therefore, when cells need more energy during such conditions, as e.g., to compensate for ammonium ion induced intracellular pH changes or to compensate for an increased energy demand caused by any other factor, they are unable to utilise the energetically most favourable pathwaythe GDH pathway -but are restricted to use only the alaTA pathway for the metabolism of glutamine.
Finally, the data presented in this paper, and in our previous studies (Martinelle et al., 1998a) , clearly show that evaluation of the energy metabolism must be done on the pathway level. Conclusions drawn from data on consumption of glutamine (moles per cell, or specific consumption rate) can be very misleading as illustrated by the following: Culture A consumed 80% more glutamine than culture C, yet the two cultures generated almost exactly the same amount of energy (from glutamine) as judged by the throughput to alanine. Culture A and B2 consumed the same amount of glutamine, but culture B2 generated 155% more energy (from glutamine) as judged by the throughput to alanine. Culture D2 consumed 60% more glutamine than B2, still the energy production from glutamine was the same in the two culture, as judged by the throughput to alanine.
